10/586479 

IAP11 RecM PCT/PTO 18 JUL 2QQfr 



DESCRIPTION 
Vehicle Drive System and Vehicle Incorporating the Same 

5 Technical Field 

The present invention relates to a vehicle drive system and a vehicle 
incorporating the vehicle drive system, and more particularly to a vehicle drive system 
including a rotating electric machine and a vehicle incorporating the vehicle drive system. 

10 Background Art 

In recent years, there is a need for a compact and efficient motor serving as a 
driving motor for an electric vehicle, a hybrid vehicle and the like. For this purpose, 
various kinds of motors such as a synchronous reluctance motor and an embedded 
magnet synchronous motor have been studied. 

15 However, the reluctance motor, which causes a relatively large torque ripple, 

poses a problem of a loud noise and strong vibration when it is used as a driving motor. 
The noise and vibration of the motor is considered to be related to the torque ripple. 

Japanese Patent Laying-Open No. 2000-152577 discloses a technology for 
reducing such torque ripple of the reluctance motor. In this technology, in order to 

20 reduce torque ripple, the tip surface of a salient pole of a rotor is rounded off to allow 
the inductance of an armature winding to be changed in the shape of a sine wave. 

However, as disclosed in Japanese Patent Laying-Open 2000-152577, if the 
measures against torque ripple are taken by structuring the salient pole of the rotor of 
the motor in bilateral symmetry, average torque will be reduced. Therefore, in order to 

25 produce large torque, it is necessary to provide a larger-diameter rotor. Such a larger- 
diameter rotor will prevent downsizing of the motor. 

Disclosure of the Invention 
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An object of the present invention is to provide a compact and high power 
vehicle drive system with torque ripple reduced, and a vehicle incorporating the vehicle 
drive system. 

In summary, the present invention is a vehicle drive system including a rotating 
5 electric machine having a structure capable of rotating about an output shaft in a 

forward direction and in a reverse direction in which torque ripple is smaller than that in 
the forward direction, and a rotation shaft rotating in the direction to move the vehicle 
forward according to the rotation of the output shaft in the forward direction. 

Preferably, the rotating electric machine includes a stator and a rotor shaped to 
10 cause smaller torque ripple when rotating in the reverse direction than in the forward 
direction. 

More preferably, the rotor has a plurality of salient pole portions, and each tip 
portion of the plurality of salient pole portions has a large chipped portion at a corner on 
the side in the reverse direction relative to a corner on the side in the forward direction. 

15 Preferably, the vehicle drive system further includes a direct-current power 

source, an inverter placed on a current feeding and receiving path between the direct- 
current power source and the rotating electric machine, and a control unit gaining 
rotation information from the rotating electric machine to control the inverter. The 
control unit controls the inverter such that torque in the forward direction is produced in 

20 the rotor in response to an acceleration instruction to cause the rotating electric machine 
to run in a power mode, and torque in the reverse direction is produced in the rotor in 
response to a deceleration instruction to cause the rotating electric machine to run in a 
regenerative mode. 

Preferably, the vehicle drive system further includes a direct-current power 

25 source, an inverter placed on a current feeding and receiving path between the direct- 
current power source and a rotating electric machine, and a control unit gaining rotation 
information from the rotating electric machine to control the inverter. The control unit 
instructs the inverter to feed a compensation current in accordance with the rotation 
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information so as to reduce torque ripple of the rotating electric machine in a part of a 
rotation region when the rotating electric machine runs in the power mode to allow the 
vehicle to move forward. 

More preferably, the part of the rotation region is a rotation region which 
corresponds to a region in which the vehicle runs in a creep state. 

According to another aspect of the present invention, a vehicle includes any of 
the above-described vehicle drive systems, and a wheel connected to the rotation shaft. 

According to the present invention, a reduction in torque ripple allows a 
reduction in noise which is caused in a regenerative running mode and bothers the driver. 

Also preferably, in combination with the control by a compensation current, it is 
possible to reduce torque ripple caused in a power running mode. 

Brief Description of the Drawings 

Fig. 1 is a cross-sectional view showing a shape of a rotating electric machine 1 
15 used in a vehicle drive system of the present invention. 

Fig. 2 is an enlarged view showing the vicinity of a part 5 surrounded by a 
dashed line in Fig. 1 . 

Fig. 3 is an enlarged view showing a salient pole portion 12 of a rotor in Fig. 2. 
Fig. 4 is a diagram showing a positional relationship between a salient pole and 
20 an excited coil of a stator. 

Fig. 5 is a diagram for describing the magnitude of torque caused in the rotor. 
Fig. 6 is a diagram showing operating characteristics when controlling the 
maximum power of the rotating electric machine used in the present invention. 

Fig. 7 is a diagram for describing an improvement of torque ripple in the case 
25 where a cut is provided in the salient pole. 

Fig. 8 is a diagram showing variation in a torque ripple ratio before and after a 
cut is provided at a tip portion. 

Fig. 9 is a diagram showing an actual measurement example of a noise level of 
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the vehicle drive system of the present invention. 

Fig. 10 is a diagram showing a configuration of a vehicle drive system 100 of the 
present invention. 

Fig. 1 1 is a diagram for describing measures for reducing torque ripple by a 
controller 40. 

Fig. 12 is a diagram for describing measures taken against torque ripple by the 
vehicle drive system of the present invention. 

Best Modes for Carrying Out the Invention 

The embodiments of the present invention will be hereinafter described in detail 
with reference to the accompanying drawings, in which the same or corresponding 
components are designated by the same reference characters, and description thereof 
will not be repeated. 

Fig. 1 is a cross-sectional view showing a shape of a rotating electric machine 1 
used in a vehicle drive system of the present invention. 

Referring to Fig. 1, rotating electric machine 1 includes a stator 2 and a rotor 3. 

Each of stator 2 and rotor 3 is formed of stacked electromagnetic sheet steel. 
The central portion of rotor 3 is provided with a rotation shaft 4 penetrating through the 
center of the electromagnetic sheet steel. Rotating electric machine 1 operates as a 
motor in a power running mode for driving a vehicle and operates as a generator in a 
regenerative running mode for braking the vehicle. 

Rotor 3 is a four-pole rotor with two pairs of salient poles formed. Each tip of 
the salient poles has a bilaterally asymmetrical shape, and only one side of the tip is 
provided with a cut, that is, a chipped portion. The effect of this cut causes a rotation 
direction Rl producing large torque ripple and a rotation direction R2 producing small 
torque ripple when rotating electric machine 1 rotates as a motor. 

In the present invention, rotating electric machine 1 is installed in the vehicle so 
that the vehicle moves forward as the motor rotates in rotation direction Rl that 



produces large torque ripple. 

Fig. 2 is an enlarged view showing the vicinity of a part 5 surrounded by a 
dashed line in Fig. 1 . 

Referring to Fig. 2, rotor 3 is provided with a salient pole portion 12. Stator 2 
5 includes a stator yoke 13, stator cores 14, 16 connected to stator yoke 13, a coil 18 
wound around stator core 14, and a coil 20 wound around stator core 16. 

Fig. 3 is an enlarged view showing salient pole portion 12 of the rotor in Fig. 2. 

Referring to Fig. 2, a cut is provided at the corner of salient pole portion 12 on 
the side opposite to the rotation direction of the rotor while the vehicle moves forward. 
10 The cut is formed such that the angle between the side wall of the salient pole portion 

and the slant is 0k about a point that is located distant by a length d from the tip portion 
towards the center of the rotor. Salient pole portion 12 has a bilaterally asymmetrical 
shape with respect to the central axis of salient pole portion 12. The central axis 
extends from the rotation center of the rotor to the midpoint of the tip of salient pole 
15 portion 12. 

Fig. 4 is a diagram showing a positional relationship between the salient pole and 
an excited coil of the stator. 

Fig. 5 is a diagram for describing the magnitude of torque caused in the rotor. 

Referring to Figs. 4 and 5, a relation between an electrical angle 8 from a d axis 
20 to a q axis and a torque T is shown in a waveform W2 in the case where the rotor has a 
bilaterally symmetrical shape of the salient pole. In contrast, in the case of the 
bilaterally asymmetrical salient pole as shown in Fig. 4, the waveform is shifted towards 
d axis as shown in a waveform Wl . This is because the balance between the force 
attracting the cut portion in the salient pole and the force attracting the portion absent of 
25 a cut in the adjacent salient pole changes. 

On the other hand, it is assumed that, if the rotor is provided with a cut, an iron 
core that is attracted to an excited magnetic pole is reduced in size by the cut to thereby 
reduce torque itself. Therefore, if the cut is provided, torque ripple is improved, 



though torque is reduced. 

Fig. 6 is a diagram showing operating characteristics when controlling the 
maximum power of the rotating electric machine used in the present invention. 

Referring to Fig. 6, the first quadrant represents an operating state in which the 
5 motor speed is plus and torque is also plus, the second quadrant represents an operating 
state in which the motor speed is minus and torque is plus, the third quadrant represents 
an operating state in which the motor speed is minus and torque is also minus, and the 
fourth quadrant represents an operating state in which the motor speed is plus and 
torque is minus. 

10 In other words, the first quadrant represents a power running mode when the 

vehicle moves forward, the second quadrant represents a power running mode when the 
vehicle moves backward, the third quadrant represents a regenerative running mode 
when the vehicle moves backward, and the fourth quadrant represents a regenerative 
running mode when the vehicle moves forward. The first quadrant and the third 

15 quadrant take a symmetrical shape about a point while the second quadrant and the 
fourth quadrant also take a symmetrical shape about a point because, in the above- 
described each pair of quadrants, the rotor rotates in reverse direction, but the direction 
of the torque produced in the rotor is the same. 

Furthermore, the motor speed is plus in the direction of Rl and minus in the 

20 direction of R2 in Fig. 1 . In Fig. 6, in the case of the first quadrant, that is, in the 

power running mode, although torque ripple is large, the maximum power of the torque 
increases as compared to that in the case of the regenerative running mode. 

On the other hand, in the fourth quadrant, torque ripple is reduced and improved, 
but less torque is produced . 

25 Fig. 7 is a diagram for describing an improvement of torque ripple in the case 

where a cut is provided in the salient pole. 

Referring to Fig. 7, a tip portion without a cut causes large torque ripple as a 
waveform W5 shown in the broken line. However, a tip portion with a cut causes 
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small torque ripple as shown in a waveform W6. In the second and fourth quadrants in 
Fig. 6, the effect of providing the cut allows torque ripple to be reduced. 

Fig. 8 is a diagram showing the change in the torque ripple ratio before and after 
a cut is provided at the tip portion. 
5 As shown in Fig. 8, before the measures against torque ripple is taken, that is, in 

the case where a cut is not provided at the tip portion of the salient pole of the rotor, the 
torque ripple ratio is 67% both in a regenerative running forward rotation mode and in a 
power running forward rotation mode. However, if the cut shown in Fig. 3 is provided 
on one side of the tip portion of the salient pole of the rotor, the torque ripple ratio is 

10 reduced to 23% in the case of the regenerative running forward rotation mode, that is, 
the first quadrant in Fig. 6. In the case of the power running forward rotation mode, 
that is, the fourth quadrant in Fig. 6, the torque ripple ratio is increased to 80%. 

Fig. 9 is diagram showing an actual measurement example of a noise level of the 
vehicle drive system of the present invention. 

15 Referring to Fig. 9, in the case where the salient pole of the rotor is asymmetrical, 

a graph XI represents a noise level in the power running forward rotation mode, and a 
graph X2 represents a noise level in the regenerative running forward rotation mode. 
It is assumed that the larger torque ripple causes a higher noise level, and the smaller 
torque ripple causes a lower noise level. 

20 As can be seen from Fig. 9, the noise level of the graph X2 is lower than that of 

the graph XI. In particular, a region in which the motor speed is 2500 to 3000 rpm is 
often used for regenerative braking, and the noise in this region especially bothers the 
driver, and therefore, the effect of the noise reduction will be expected. In other words, 
while driving the vehicle, the region designated by C in Fig. 9 is used in regenerative 

25 braking. 

Fig. 10 is a diagram showing a configuration of vehicle drive system 100 of the 
present invention. 

Referring to Fig. 10, vehicle drive system 100 includes a battery 38, a 3-phase 



-7- 



inverter 36 receiving energy from battery 38 in the power running mode and returning 
the energy into the battery in the regenerative running mode, and rotating electric 
machine 1 controlling current and voltage for coils of a U-phase, a V-phase and a W- 
phase by 3-phase inverter 36. Three-phase inverter 36 includes a power semiconductor 
5 element such as IGBT which is not shown. 

Vehicle drive system 100 further includes an accelerator pedal position sensor 41 
detecting the accelerator pedal position of the driver, and a controller 40 receiving 
rotation information P from the motor to control 3-phase inverter 36 in response to an 
output of accelerator pedal position sensor 41. Controller 40 includes a CPU, ROM, 
10 RAM and the like, which are not shown. 

Vehicle drive system 100 further includes a reduction gear 34 connected to an 
output shaft 44 of the motor and a wheel 32 connected to an output shaft 42 of 
reduction gear 34. 

Fig. 1 1 is a diagram for describing measures for reducing torque ripple taken by 
15 controller 40. 

Referring to Figs 10 and 1 1, controller 40 receives rotation information P from 
rotating electric machine 1 to instruct 3-phase inverter 36 to feed a compensation 
current in accordance with the phase at which torque ripple is produced. This results 
in averaging of respective peaks and valleys of torque by the compensation current, and 
20 a waveform W3 in which torque ripple is caused is improved to become like a waveform 
W4. 

However, because the capability of controller 40 is limited, such measures 
against torque ripple by the compensation current is difficult to take during high speed 
running. 

25 Fig. 12 is a diagram for describing measures taken against torque ripple by the 

vehicle drive system of the present invention. 

Referring to Fig. 12, a region A is where vibration becomes a problem while 
driving in a creep state at very low speed in the power running mode. 
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In this region A, the motor speed is low, that is, the vehicle speed is low. The 
controller has a sufficient ability to control the compensation current in the case of low 
vehicle speed, so that torque ripple can be reduced by feeding a torque compensation 
current. The structure of the rotor shown in Figs. 1 to 3 may cause an increase in 
5 torque ripple to some degree in region A. However, the increased amount of torque 
ripple can also be resolved through the measures by the torque compensation current. 
Therefore, it is possible to take measures against torque ripple without causing a 
decrease in the average torque caused by the rotor structure in a power running mode. 

Even in the power running mode, as the speed of the motor increases and the 
10 vehicle speed increases, torque ripple does not bother the driver too much owing to 
inertia exerted on the vehicle weight. 

On the other hand, during very low speed running, the vehicle is braked, not by 
regenerative braking of the motor, but by a friction brake. The regenerative running of 
the motor is performed in a region in which the motor speed is approximately 2500 to 
15 3000 rpm, as described in Fig. 9. Because an inertial force acts in this region, torque 
ripple is less perceivable than during low speed running. However, it is known that the 
driver is more sensitive to noise in a regenerative running mode where speed is reduced 
than in a power running mode where speed is increased. 

A region B is where noise from the rotating electric machine poses a problem at 
20 the time of braking in the regenerative running mode. In this region B, because the 
speed of the motor is high, if the torque compensation current is to be fed, a process 
higher in rate than the controllable cycle of the controller is necessary. Thus, in light of 
the capability of the controller, it is difficult to reduce torque ripple by the torque 
compensation current. Therefore, in region B, measures against torque ripple are taken 
25 based on the structure of the rotor. 

The regenerative running mode is not performed during low speed running but is 
often performed during high speed running. As for the regenerative running mode, 
measures against torque ripple are taken based on the structure of the rotating electric 
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machine in the present invention. As for the power running mode in which the driver is 
bothered by noise during very low speed running, the controller allows the 
compensation current to be fed to take measures against torque ripple. This enables 
the noise and vibration both in regions A and B to be reduced. 
5 Furthermore, although the present embodiment illustrates an example in the case 

of the salient pole having four poles, the number of the salient pole is not limited to four, 
and may be more or less than that. 

In addition, although the present embodiment illustrates an example as to a 
reluctance motor, the present invention can also be suitably applied to a permanent 

10 magnet motor having a permanent magnet embedded in a rotor or a stator. By 

devising the position and the like for embedding the permanent magnet, it is possible to 
gain an effect similar to that in the case in which the cut shown in Fig. 3 is provided in 
the salient pole. As for the motor, measures against torque ripple may be taken for 
region A in Fig. 12 by the compensation current. 

15 It will be understood that the embodiments of the present invention disclosed 

herein are by way of example only, and are not to be taken by way of limitation. The 
scope of the present invention is defined not by the above-described description but by 
the appended claims, and all changes that fall within limits and bounds of the claims, or 
equivalence of such limits and bounds are therefore intended to be embraced by the 

20 claims. 
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